The first paper I read to this Society in 1949 was concerned with the value of venous pressure recording as a guide to fluid replacement (Beard 1950) . The method advocated was simplea polyethylene catheter passed into a median antecubital vein and on into the superior vena cava. The method has remained simple, but so has much of our thinking, and it is only comparatively recently that the complex, interacting and interdependent factors which affect this easy measurement are becoming widely appreciated, adding greatly to the value of the information derived.
The pressure gradients in the veins are very considerable, but even when the patient is recumbent the flow, through their large crosssectional area, is still associated with bigger variations of mean pressure than occur in the arteries, although of course at much lower level. Being at a lower pressure, the flow is more susceptible to obstruction by outside forces such as abdominal distension or pregnancy. There are also sharp falls in pressure as the veins enter the thorax, a short abrupt change just below the diaphragm, and a longer and more gradual one in the axillarysubclavian vessels. These two gradients are due to venous collapse and are exaggerated by hypovolremia. The gradients are diminished if venous plethora obliterates the collapse. When this happens a continuous fluid column allows the easy transmission of wave forms from heart to periphery. In these circumstances, the pressure tracing at the periphery shows the respiratory swing and quite often the more rapid 'cardiac waves normally only seen in the thorax. Outside the chest, this pattern can be an early indication of heart failure (Duomarco et al. 1963) . But in the absence of failure this pattern is useful as confirmation that the recording line is in the great veins or auricle and that the pressures we are reading have meaning, being truly central rather than peripheral.
The heart itself is a source of negative pressure, the diastolic relaxation of its firm muscular walls creating a negative pressure in its cavity, rather as does an Ambu bag. So also does the smart descent of the mitral and tricuspid valve-rings in systole lower the pressure in the auricles. Without these two 'suctions' the central venous pressure must increase to a higher level to maintain the same cardiac output. Myocardial weakness is thus usually accompanied by an increase of some 4-5 cmH2O central venous pressure, without which cardiac filling would be diminished. The negative intrapleural pressure of breathing also speeds cardiac return while the chest is closed. In its absence, cardiac output is usually maintained by an increased central venous pressure of about 5 cmH2Q. These reflex compensations, which, to be effective, need a reasonable blood volume, depend on intact cardiovascular reflexes and may be blocked by impairment of the sympathetic nervous system. This may occur for many reasons, including drug (especially barbiturate) overdosage, cardiovascular accidents and various forms of neuritis, as well as by tabes dorsalis.
The raised central venous pressure of established heart failure is only in part due to such alterations of reflex sympathetic activity; other factors include a raised level of plasma catecholamines and eventually the salt and water retention of congestive failure. 37 9 655
In the ordinary physiological range, arterial pressures are maintained without measurable changes in venous tone. But in the more gross disturbances of baroreceptor reflex activity, such as accompany hemorrhage or cardiogenic shock, venous tone is considerably altered. Increases in venous tone do not, of themselves, increase venous pressure except transiently, since any increased venous pressure which might be so caused momentarily increases venous return and hence cardiac output which, as it passes on the extra blood, allows central venous pressure to fall towards its previous level. Should, however, the heart be unable to accept the venous return, its failure to do so imposes a resistance to the venous return which is thereby reduced, although the central venous pressures of course remain at a high level.
The sympathetic nervous activity which maintains venous tone also affects cardiac action in other ways. Besides affecting cardiac output via the Starling mechanism, it can directly increase myocardial contractility and may speed the heart. There is thus no one Starling curve, but rather a family of curves, the myocardium operating on different curves according to its physical state and the nervous, catecholamine, electrolyte, acid/base or other influences active at the moment. It may sometimes happen that intravenous fluid, given to a patient who already has a high central venous pressure due to cardiac failure, may evoke an increased output sufficient to increase the aortic and hence coronary artery filling, with the paradoxical result that cardiac pump action improves sufficiently to lower central venous pressure. Cardiac failure may also occur in patients with hypovolhmia. This is not infrequent during cardiac surgery, but may also occur in patients from medical wards, particularly after too enthusiastic diuretic treatment. Arterial hypotension may then be accompanied by quite high central venous pressure (as measured by catheter) but, as the blood volume is small, there may be no obviously raised jugular venous pulse in the neck. This condition has been referred to as 'pseudoshock of heart failure' (Weil et al. 1965 ). When using modern light anesthesia, venous tone and baroceptor reflexes remain intact. Reflex and minor changes in central venous pressure occur with the induction of anesthesia, intubation, the fasciculation of succinylcholine, and on opening and closing the chest. Causes which are likely to contribute to these pressure changes include direct myocardial depression due to aneesthetic or other drugs, or the raised catecholamine levels which accompany the administration of these agents and which may affect venous tone either directly or by redistribution of blood volume. Alpha-receptor-stimulating drugs such as noradrenaline or metaraminol tend to constrict the veins, raising central venous pressure. After alpha-blocking drugs such as trimetaphan, chlorpromazine, phentolamine and phenoxybenzamine, venodilatation occurs and central venous pressure is below the expected level. Isopropylnoradrenaline (isoprenaline), a synthetic beta-adrenergic drug, powerfully stimulates both rate and force of contraction of the heart. Peripheral arterial resistance is much reduced but I do not know of any experimental proof of venodilatation. The falls of venous pressure observed after isoprenaline administrations during cardiac surgery could be due to venodilatation but might also be the result of improved cardiac pump action.
While the total flow to a particular organ may be controlled by arteriolar tone, the supply to individual tissue cells depends on strategically sited metarteriolar sphincters which either may allow capillary flow to the cells or may 'shunt' the blood directly on through into the collecting venule. When the tissue is metabolically inactive the blood flow is almost entirely through these preferential channels. But during full functional activity, when capillary perfusion is needed, flow is restored by a negative feed-back actuated by local metabolites which vary with the organ concerned: carbon dioxide in the brain, probably potassium in the muscles, adenosine in the heart and bradykynin in the case of many glands. That it is possible to have normal arterial perfusion pressures and flow, restricted to the preferential channels but leaving a 'concealed' ischmemia of the capillary bed and tissues, has obvious implications (Zauda et al. 1964) . While lactic acid production or a metabolic acidosis can suggest that all has not been well somewhere, or a good urine flow may reassure us that the kidney, at least, has been adequately perfused, we have as yet no practical direct way of measuring capillary blood flow in the tissues.
Capillary pressure depends in part on the inflow permitted by the precapillary sphincters, but equally depends on the postcapillary venular resistance which controls the outflow. Any fall in the precapillary/postcapillary resistance ratio distending the capillaries favours the transference of fluid from the vessels into the extravascular space. The permeability of the capillary wall to water, solutes and protein is not uniform in all capillaries and, in the same capillary, varies along its length. Small pore and large pore transfer mechanisms have been postulated for water and larger molecules respectively. Landis (1964) has shown, for example, that albumin tagged with Evans blue passes out into the tissues maximally in the venous capillary and venular areas. Perhaps we should think, therefore, of the capillary walls as serving only to retain the blood cells within their lumen, the cell-free plasma diffusing through the tissue space around the capillaries and the travel of its constituents being limited more by the intercellular ground substance of the tissue spaces than by the capillary wall.
The skeletal muscles constitute a major proportion of the total body mass, containing a large volume of extravascular fluid. Since their blood supply at rest is only some 10-20% of the cardiac output, fluid shifts between vascular and extravascular volumes can be effected with only minor increases in total peripheral resistance. This homeostatic mechanism is set in action by a generous sympathetic nerve supply, constriction being adrenergic and vasodilatation cholinergic, the latter being found only in the muscle blood vessels. After moderate bleeding of 10-20% of the blood volume over a period of 20-40 minutes, fluid replacement is often rapid. In health, within about three days it is so complete as precisely to replace the total red cell mass and plasma volume by a new volume of plasma from the tissue space. Any fall in plasma protein level is very transient, new protein (up to 50 g of albumin) entering the circulation at a surprising rate. This is an amount far larger than can be synthesized in the liver and must be preformed. It is probably mobilized from the visceral tissues and has been shown to enter via the thoracic duct (Cope & Litwin 1962, Moore 1965). This is followed by a slower synthesis of protein in the liver and still later by the replacement of the lost red cell mass by erythropoiesis.
The normal consequences of bleeding are, first, an increased arteriolar tone, which maintains the arterial pressure and, secondly, an increased 'vasomotion'. Both these tend to lower the intracapillary pressure and so favour the absorption of fluid from the tissues into the capillaries. This 'autotransfusion' can be relied on only when the extracellular fluid is available in normal volume and has not been reduced, for example, by undue deprivation of fluids, by abnormal fluid losses into the gut or by the excessive use of diuretics. The expansion or repletion of this extracellular fluid volume is the purpose of the liberal use of intravenous salt solutions so powerfully advocated by Tom Shires of Texas (Carrico et al. 1963 ).
In the earlier phases of shock of any type, the macro-and the micro-circulation work well together, in co-ordinate fashion, to maintain homeostasis but, if the state of shock persists, a local build up of metabolites leads to capillary dilatation. A further adverse factor is a tendency for venoconstriction to develop rather later than arteriolar constriction and to be more persistent. As a result of this 'phase shift' the capillary pressure rises, blood becoming pooled, and fluid passes from the capillaries out into the tissues. The gross loss of effective circulating volume far exceeds any obvious or measured blood loss. Baez & Orkin (1964) have reported that this excessive activity of the venules in shocked rats was accentuated by cyclopropane, by halothane, and to a lesser extent by ether, nitrous oxide being without effect.
Potentially reversible shock can be converted into disaster by a noradrenaline infusion. The plasma volume loss which is known to follow probably results from venular constriction in the same way. Cessation of the infusion may then allow relaxation of underfilled veins, in this way seriously reducing the return of blood to the heart. While an increased arteriolar resistance may have temporarily helped the coronary supply to the myocardium, it is only too likely to have been at the expense of renal function and tissue oxidation elsewhere. Thus if its cardiostimulant effect be considered essential, it is probable that continuous noradrenaline is better given with an alpha-adrenergic blocker to counter the vasoconstriction, particularly of the veins, which it causes. When treating the cardiac dysfunction of shock, we probably make insufficient use of the combined cardiostimulant and vasodilator effects of isoprenaline to increase output and tissue perfusion simultaneously. It must, however, be remembered that, because of the vasodilatation, blood volume may need expansion if full benefit is to be obtained.
When writing eighteen years ago I made no mention of blood volume measurement (Beard 1950 ) but referred to the paper by Warren et al. (1945) who stated that small bleeds might cause reduction in central venous pressure without a fall in cardiac output, but that with large bleeds, although blood pressure and pulse rate were still unchanged, the fall in central venous pressure was then accompanied by reduction in cardiac output. Six years later Gauer et al. (1956) described a direct relationship between the central venous pressure and the blood volume in normal resting volunteers who had been subjected to small experimental bleeds. Reference is often made to this paper, but few go on to quote their paragraph which said that with larger bleeds, and when an element of stress occurred, the situation was changed. In other words, under circumstances which seem much more relevant to anmsthesia and resuscitation, the relationship is far from direct and it becomes necessary to take into account cardiac competence and venous tone. In 1967 Cohn compared the central venous pressure and simultaneously measured blood volume in 46 patients in shock. There is a rough correlation, but some patients with low blood volume had an elevated central venous pressure. When blood volume is grossly depleted central venous pressure is almost always reduced, the correlation becoming much more precise if reflex mechanisms are blocked. However, venoconstriction can maintain central venous pressure in spite of moderate hypovolkmia, and if cardiac competence is reduced there may even be a raised central venous pressure with quite severe reduction in blood volume.
At such times it would be nice to know the blood volume, but it still would not tell us whether the circulation could accept an increased intravascular volume or whether an improvement of cardiovascular function was essential before further fluid was given. Knowledge of the central venous pressure is needed for this. Theoretically then, we would like to know both. Unfortunately, the commercially available devices for measuring blood volume cost about £1,400. They depend on a dye-plasma-hematocrit method with the inherent liability to inaccuracies of mixing and sampling, although Heath & Vickers (1968) have shown that in expert hands quite a high degree of accuracy can be obtained. The difficulties are more, however, that when sequestration of parts of the blood volume occurs in patients in shock, and who may moreover be bleeding while being simultaneously transfused, the results need the most sophisticated interpretation if they are to mean anything. A further problem results from our not knowing the normal blood volume of the particular patient. The circumstances which allow its measurement before the onset of shock would be unusual, as is the practicability of weighing a gravely ill patient so that the blood volume can be deduced from a nomogram.
It would seem that when we most need the information the technique may be least reliable, and that the greatest benefit will result from its use in special units by expertsthe lessons learnt being passed on to us for clinical adoption. In contrast the central venous pressure can be cheaply and continuously monitored by the nursing staff. In this way the dynamic response of the cardiovascular system to intravenous fluid can be assessed from moment to moment. When advocated eighteen years ago it was not envisaged that the technique would be used except for the most major surgery, especially that on patients with heart disease. Today the need has expanded. Not only is cardiac and very major surgery more usual, but intravenous fluids are given to many and various types of patients in far greater volumes than was then customary. It is now thought that the majority of patients in shock from many different causes may respond dramatically to transfusion with volumes considerably in excess of any obvious losses. Expansion of the capillary bed and replacement of the fluid volume translocated to extravascular sites need large volumes. The margin between adequate expansion of the vascular column and overload is narrow, especially in the old, in sepsis, in burns, in pregnancy and in those with heart disease. For such cases especially, the trial of small transfusions during careful observation of central venous pressure is an essential part of intensive care. Amounts of 50-200 ml are rapidly infused. If this is more than the cardiovascular system can handle, these small stepwise additions to the blood volume evoke a more readily noticeable rise in central venous pressure than does a slow relentless drip which seems more liable in practice to lead to circulatory overload.
The risk that overtransfusion may cause pulmonary cedema is especially great when left ventricular function is impaired as by myocardial infarction or by the inevitable trauma of cardiac surgery. Nevertheless, some writers have claimed that the trial of small volumes with central venous pressure monitoring is a sufficient safeguard, and that a well-marked rise in central venous pressure always precedes pulmonary cedema. Unfortunately, central venous pressure is a much more sensitive index of right than of left ventricular function, and while central venous pressure can be looked upon as an index of right ventricular function, left atrial pressure is a better guide to left ventricular function. The measurement of left atrial pressure, except during cardiac surgery, is, however, a more difficult technique requiring special skill. It has been said that pulmonary oedema does not occur during the ordinary treatment of shocked patients, even if left atrial pressures are raised to 30 cmH2O. These claims are probably, but not invariably, justified for healthy hearts and when h.emodilution has not reduced the plasma osmotic pressure. But for patients with heart disease there is increasing disquiet as a result of the occasional occurrence of pulmonary cedema when measurements of systemic and pulmonary venous pressures are at normal levels. There remains much more to be learnt by such hmemodynamic measurements; meanwhile auscultation of the lung bases is an essential safeguard for such patients. Perhaps careful vasodilatation by drugs such as phenoxybenzamine may reduce the left ventricular work load and at the same time discourage the transfer of blood from the systemic to the pulmonary circulation. I referred earlier to the urine flow as indicating perfusion of the kidney. There is, however, no simple, direct relation between the blood supply to the kidney and the volume of urine secreted except under special conditions. The ratio of glomerular filtrate to the renal plasma flow varies with many factors which include catecholamine levels, body temperature and cardiac function. Furthermore, the resulting filtrate is modified in its passage down the renal tubule in response to the need to maintain homeostasis of the extracellular fluid. Nevertheless, prudent men have not disdained to seek information, under the bed, from one of the more reliable pieces of monitoring equipment. So also central venous pressure measurement needs a minimum of instrumentation but a modicum of sophistication in interpretation of the results. Tetanus is a disease whose primary symptoms of increased tonic and spasmodic activity of skeletal muscle are caused by diminished inhibition within the central nervous system induced by the neurotoxin of Clostridium tetani (Curtis 1959). In the last fifteen years, treatment of patients with this disease by total paralysis and intermittent positive pressure ventilation (IPPV) has made it possible to overcome the lethal effects of the muscle spasms. Nevertheless, the mortality rate from tetanus in this country has remained at a much higher level than in other conditions in which severely paralysed patients are treated with prolonged artificial ventilation. In seeking reasons for this continuing high mortality, it became apparent that many of the severely ill tetanus patients presented a characteristic clinical picture which has not been observed in other patients requiring similar treatment, including those with milder attacks of tetanus. A retrospective study was carried out on all the patients treated for tetanus in the United Oxford Hospitals in the years 1956 to 1967, and the notes of the 44 whose attack had been sufficiently severe to require tracheostomy, curarization and IPPV were thoroughly examined (Kerr et al. 1968 ).
Sympathetic
The most striking features were those relating to the cardiovascular system. The records of many of the patients with severe tetanus showed hypertension which started a few days after IPPV commenced and disappeared by the time the patient left hospital. With the increase in the level of the blood pressure there was an increase in its variability, and successive half-hourly readings of systolic pressure often varied by more than 100 mmHg. The pulse rate also tended to increase and to fluctuate with the blood pressure, so that the highest rates tended to accompany the highest pressures. Irregularities of cardiac rhythm were observed in several patients, including supraventricular tachycardias and ectopic beats of both supraventricular and ventricular origin. Most of the patients with severe or moderate tetanus sweated profusely at some stage of their illness
